Solar radiation is the principal and fundamental energy for many physical, chemical and biological processes. Estimation of solar radiation by Ångström-Prescott (A-P) model from sunshine duration is common employed. In this paper, the original linear A-P model and four commonly used modification models (quadratic, cubic, power and logarithmic functions) are comparatively studied. It is found that the linear, second and cubic models give very similar goodness of fit, and the linear model is recommended due to its greater simplicity and convenience. The A-P model parameter a, sum a + b correlate most significantly with altitude. Based on these correlations, the deterministic equations of parameters a and b are proposed. Consequently, the A-P model with the estimated parameters by deterministic equations is used to estimate solar radiation, and it gives good performance with the RMSE < 1.7 MJ m -2 , RRMSE < 20% and R 2 > 0.89. It is therefore recommended to use these equations to determine the A-P parameters in Yangtze River basin in China, and it is believed particularly useful for the site where lacks of the measured solar radiation data for calibration.
Introduction
Solar radiation arriving on the earth's surface plays an important role in most land surface processes including physical, biological and chemical processes, e.g., hydrological cycling, vegetation growth, climate and weather change (Liu et al., 2017) . It is also one of the key input variables in crop growth, and hydrological and climate models. And the importance of global solar radiation in ecology, agriculture, environment and the associated researches has been well documented (Yorukoglu and Celik, 2006; Chen et al., 2011) . However, it is not widely measured due to the cost and difficulty of maintenance and calibration of the measurement equipment . Only a few meteorological stations measure global solar radiation. For example, in the USA, less than 1% of meteorological stations are recording solar radiation (Thorton and Running, 1999) . In China, more than 2000 stations have record of meteorological data, only 98 stations are recording solar radiation (Chen et al., 2004) . The ratio of stations recording solar radiation to those recording temperature is about 1:500 around the world (Thorton and Running, 1999) . By contrast, other routinely measured data, such as air temperature, sunshine duration, are easily available.
Therefore, developing method based on those readily available meteorological data for accurately estimating solar radiation has been the focus of many studies.
Major methods including satellite-derived (Frulla et al., 1988; , stochastic algorithm (Richardson, 1981; Hansen, 1999) , empirical relationship Chen et al., 2015) , interpolation (Chen et al., 2012) and learning machine method (Chen et al., 2011) have been developed for the purpose. The satellite-derived method is promising for estimating solar radiation data over large regions, but it is relatively new and may suffer from the shortage of the historical meteorological data (Abraha and Savage, 2008) . Stochastic weather generators are useful to generate daily simulations from data averages (Wilks and Wilby, 1999) . However, the generated data cannot be used for model validation for a particular period of time as the data may not match the actual weather at a particular time. Spatial interpolation technique can predict values at unknown locations and create surface from the surrounding measured points. The main problem, however, is the lack of sufficient stations of solar radiation measurements .
The empirical relationship using the easily available meteorological data, such as sunshine duration, maximum and minimum temperatures, is attractive for its simplicity, efficiency and lower data requirement. And the well-known sunshine-based Ångström-Prescott (A-P) model Chen et al., 2015) and the temperature-based Hargreaves and Samani model (1982) , Bristow and Campbell model (1984) are widely used in the word. It is generally recognized that the A-P model performs much better than other temperature-based models (Iziomon et al., 2002; Podesta et al., 2004; Trnka et al., 2005) .
The A-P model was proposed by Ångström (Chen et al., 2015) in 1924 and further modified by Prescott where Rs is monthly mean daily global radiation (MJ m -2 d -1 ), Ra is monthly mean daily extra-terrestrial solar radiation (MJ m -2 d -1 ), H is monthly mean daily actual sunshine hours (h), Ho is monthly mean daily potential sunshine hours (h), a and b are empirical parameters which are calibrated from the long-term measured solar radiation data. The A-P model is widely used for its simplicity and significant performance. One of the principal limitations is that it requires calibration using local measured solar radiation data and it is therefore open to question how transferable these calibration values are to other locations (Miller et al., 2008) . Ångström suggested values of 0.2, and 0.5, and Prescott 0.22, and 0.54 for the empirical parameters a, and b, respectively (Chen and Li, 2013). Page gave the corresponding values of 0.23, and 0.48, which was believed to be applicable anywhere in the world (Page, 1961) . FAO 56 recommended the values of 0.25, and 0.50 for parameters a, and b for the sites where no solar radiation data is available, respectively (Allen et al., 1998). Lots of literature reported the calibrated the A-P model parameters for different places, and showed that they varied from location to location; furthermore, they were related to the geographic elements (Bandyopadhyay et al., 2008; Liu et al., 2009) , indicating that the fixed parameters are not appropriate for all the sites where no solar radiation data is available in a large area. Only a few works discussed and gave the determination equations for the A-P model parameters relating to the geographic elements (Bandyopadhyay et al., 2008) . Therefore, the current study is carried out to develop a general empirical model for estimation of solar radiation in Yangtze River basin, which plays significant role in water supply for agriculture industry for China, and hence the eco-environmental models and crop growth simulation are widely studied. However, only a few meteorological stations provide solar radiation recorders. Therefore, solar radiation estimation is of vital importance and significance. While only a few works were reported for this region. Chen et al. (2004) developed an empirical model at 10 located in Yangtze River basin. While this new model was reported to give similar performance with the A-P model (Wu et al., 2007) . Therefore, the objectives of the current study are (1) to calibrate the A-P model parameters in the Yangtze River basin; (2) to investigate and relationship between A-P model parameters and geographic elements; and (3) to recommend determination equations of A-P model parameters for the sites where no measured solar radiation data is available for calibration in study area.
Materials and method

Data set
The current study focuses on the Yangtze River basin (Fig. 1) . The Yangtze River is 6300 km long with a basin area of 180 × 10 4 km 2 . It is characterized by abundant water resources, and thus plays significant role in water supply for agriculture industry, because economy of much of the Yangtze River basin is focused largely on agricultural production. It is one of the major grain production areas of China and hence the ecoenvironmental models and crop growth simulation are widely studied. A large part of the Yangtze River basin is subtropical monsoon climate. Average annual precipitation in the basin varies from 270-500 mm in the west to 1600-1900 mm in the southeast. Average annual sunshine hours range from 1000 to 2500 h. A total of 14 stations with long-term available records of solar radiation were used in the present study. The mapping of stations roughly range from 26 o to 34 o latitude North, from 97° to 121° longitude East, and from 3 to 3394 m altitude. Table 1 shows the temporal period and the geographical information of the meteorological stations. The monthly mean daily global radiation data were obtained from the National Meteorological Information Center (NMIC), China Meteorological Administration (CMA). The period of records range from 6 to 30 years covering the period between 1961 and 2000. Quality control tests were conducted by the suppliers. A year with more than 5 days of missing or faulty data in the same month was discarded (e.g., the year of 1992 for Nanchang and the year of 1984 for Wuhan). For each station, two data sets were created. About 70% of the total records were used for calibrating the parameters, and the remainder for evaluating the model ( Table 1) . 
Models and calibration
The extra-terrestrial solar radiation (Ra) and potential sunshine duration (Ho) are calculated using the equations (Eqs. 2-6) detailed by Allen et al., (1998 where d is the relative distance between the sun and the earth, ω is sunset hour angle (rad), φ is latitude (rad), δ is solar declination angle (rad), n is the number of the day of year starting from the first of January. The A-P model parameters a and b are calibrated by least square linear regression between Rs/Ra and H/Ho for the calibration period for each station ( Table 1) .
Performance criteria
To assess the performance of models, root mean square error (RMSE), relative root mean square Error (RRMSE), The relative percentage error (e%), coefficient of variation (CV) and coefficient of determination (R 2 ) are determined. The metric CV calculated as ratio of standard deviation to arithmetic mean is adopted to measure the variation of the parameter, and R 2 is adopted to measure the correlation between the observed and predicted values. The former three indicators are calculated by Equations 7-9. where n, y, ŷ and y represent the number of testing data, the observation value, the predicted value and the average value of the observation, respectively. Lower values of RMSE, RRMSE, and absolute e% indicate a better estimation accuracy of the model.
Results and discussion
Variation of A-P model parameters
The calibrated A-P model parameters a and b are summarized in Table 2 . Parameter a vary from 0.103 in Hefei to 0.225 in Lijiang (averaged 0.137, SD = 0.031), b vary from 0.550 in Chengdu to 0.621 in Changsha (averaged 0.579, SD = 0.017), and R 2 vary from 0.718 to 0.915 (averaged 0.831, SD = 0.062). Obviously, parameter b is more stable with the lowest SD (0.017) and CV (2.858%) in the present study area, while parameter a show a higher variation with the CV of 22.534%.
The values of R 2 indicate that the linear function gave goodness of fit on the calibration data; however, some researchers studied and proposed several types of regression models on the corresponding calibration data at specific sites, such as, quadratic (Ogelman et al., 1984; Akinoglu and Ecevit, 1990), cubic (Bahel et al., 1987; Ertekin and Yaldiz, 2000) , and logarithmic models (Newland, 1988 Dorvlo, 1999) . Table 2 presents the coefficient of determination of quadratic, cubic, logarithmic and power functions. All the regression equations give goodness of fit on the calibration data, with the values of R 2 > 0.7. The linear A-P, quadratic and cubic models return quite similar values of R 2 within the same station, and the cubic model is the best with the highest values of R 2 . However, it is noted that it is only slightly better. The logarithmic and power function even gives the worse fit than the simple linear A-P model. Therefore, there is no reason to choose a complex function to gain probably negligible accuracy at the cost of losing the simplicity and convenience of the simple A-P model (Liu et al., 2009 ). 
Relationship between the parameters and geographical information
Generally, the A-P model parameters vary from station to station as shown in Table 2 . To find out the relationship between the parameters and station geographical information, the correlation analysis is carried out and a summary is presented in Table 3 .
Parameters a, b, the sum a + b show very weak correlation with latitude (p > 0.05). While parameter a, and the sum a + b are correlated most significantly with altitude (r = 0.786, p = 0.0009, and r = 0.746, p = 0.0022, respectively), and less significantly with longitude (r = -0.532, p = 0.0403, and r = -0.535, p = 0.0486, respectively), one probable explanation is in that the significantly correlation between the altitude and longitude of the study area (r = 0.933, p = 0.00254 < 0.001). http Parameter a represents the overall atmospheric transmission for total cloud conditions, and the sum a + b denotes the overall atmospheric transmission under clear sky conditions (Podesta et al., 2004) . The correlations indicate a general increasing trend for a and the sum a + b as the altitude increasing from east to west in the study area, indicating that the highland western area tends to have more clear days than the lowland eastern area, this maybe the effect of reduced air mass and shorter path length at the high altitude (Liu et al., 2009) .
Estimating A-P model parameters using the geographical information
The significant correlations are important in increasing the availability of A-P model parameters without the need for calibration. Parameters a, and sum a + b correlate most significantly with altitude ( Table 3) , based on these correlations, we propose equations relating A-P model parameters to the most dominant factor (altitude). The regression functions between parameters a, sum a + b and altitude are given below (Eqs. 10-11), respectively. where altitude is the elevation of the station in m, sum is the sum of parameter a and b. Consequently, the determination equation (Eq. 12) of parameter b is calculated by subtracting Equation10 from Equation11:
The A-P model parameters estimated by the corresponding model and the performances are listed in Table 4 . Overall, all the models give good performances with RMSE ≤ 0.02 and RRMSE < 14%; better performances are found in estimation of sum a + b and b, with the absolute e% < 6%, and < 7%, RMSE of 0.020, and 0.017, RRMSE of 2.76%, and 2.92%, respectively; while the RMSE of 0.019 and RRMSE of 13.54% in estimation of parameter a. Obviously, the mean of estimated parameters a, b, and sum a + b are nearly identical to those of calibrated parameters (Tables 4 and 2) , with the slightly differences of 0.001, 0.003, and 0.002, respectively. The estimated parameter a are much lower than the suggested values by Ångström and Prescott , Page (1961) 
Estimating solar radiation using the estimated parameters
The A-P model with the parameters a determined by Equation 10, and b by Equation 12 is consequently used to estimate solar radiation and the performance is presented in Figure 2 . Overall, it gives good estimation performance with RMSE < 1.7 MJ m -2 (averaged 1.182 MJ m -2 ), RRMSE < 20% (averaged 11.48%) and R 2 > 0.89 (averaged 0.940). There is a substantially good agreement between estimated and observed values as shown in Figure 2 , where the points tend to line up around the 1:1 line, indicating that the observed solar radiation are close to the estimated.
Yangtze River basin is one of the major grain production areas of China and hence the eco-environmental models and crop growth simulation are widely studied. Therefore, solar radiation estimation using these measured meteorological variables is of vital importance and significance. Some works have reported the validation of the existing solar radiation in Yangtze River basin. Chen 
Conclusion
Solar radiation is an essential and important variable to many simulation models. Ångström-Prescott model is widely used to estimate solar radiation when it is not readily available. The commonly used modifications to the Ångström-Prescott model, including the linear, second and cubic regression equations, give very similar goodness of fit and accuracy. Therefore, the simple Ångström-Prescott model is recommended in Yangtze River basin in China, due to its greater simplicity and convenience. Parameter a, sum a + b correlate significantly with altitude. The deterministic equations for parameters a and b are given, and good estimation accuracy are obtained. Consequently, the Ångström-Prescott model with the parameters by corresponding deterministic equations is evaluated. Overall, it gives good estimation performance according to the performance indicators of root mean square error, relative root mean square error, coefficient of determination. Therefore, it is recommended to use these equations to determine the corresponding parameters in Yangtze River basin in China, and it is http://www.aloki.hu • ISSN 1589 1623 (Print) • ISSN 1785 0037 (Online) DOI: http://dx.doi.org/10.15666/aeer/1602_14711482  2018, ALÖKI Kft., Budapest, Hungary believed particularly useful for the site where no observation of solar radiation data is available for calibration. Besides sunshine duration, air temperature, relative humidity, precipitation and atmospheric pressure are also routinely measured. Many works have shown that models using these meteorological variables in combination with sunshine duration significantly outperformed models using sunshine duration alone (Trabea and Shaltout, 2000; Liu et al., 2012) . Thus, future work will investigate the potential of models using more combination of meteorological variables to increase the reliability of the general model.
